Preliminary Analysis of Slope and Fuel Bed Effect on Jump Behavior in Forest Fires  by Viegas, Domingos et al.
 Procedia Engineering  62 ( 2013 )  1032 – 1039 
Available online at www.sciencedirect.com
1877-7058 © 2013 International Association for Fire Safety Science. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Asian-Oceania Association of Fire Science and Technology
doi: 10.1016/j.proeng.2013.08.158 
ScienceDirect
P
Abst
The m
the v
of pa
reach
fire b
perfo
betw
© 20
and T
Keyw
Nom
VD 
V'D 
L1 
L2 
IR 
PP 
D 
Ro 
ROS
SB 
ST 
TC 
X 
Xo 
Y 
Yo 
Zo 
O 
x 
* Cor
E-ma
relimin
ract 
erging of two
ery high value 
rticular relevan
ing values that
ehavior. The 
rmed with thr
een fire lines, t
13 Published b
echnology. 
ords: Forest fire 
enclature 
velocity 
non-dime
fire line 
fire line 2
infrared i
fuelbed o
point of i
basic rate
 rate of sp
fuelbed o
fuelbed o
thermoco
coordina
coordina
coordina
coordina
coordina
origin of 
distance 
 
responding autho
il address: Xavie
The 9th 
ary anal
Domi
ADAI/C
 linear forest fi
of the rate of sp
ce to assess ju
 are not commo
distance travel
ee different fue
he non-dimens
y Elsevier Ltd
behaviour; Jump
of displaceme
nsional veloc
1 
 
mage 
f Pinus pinas
ntersection b
 of spread of 
read of a fire
f dead shrub 
f dry straw p
uple 
te along refer
te along refer
te along refer
te along refer
te along refer
reference fram
measured alon
r. Tel.: +351 239
r.viegas@dem.u
Asia-Ocean
ysis of s
ngos Vieg
EIF, University 
re fronts interse
read that it can
mp fire prope
nly found in n
led in the acc
ls in laborator
ional values of 
. Selection and
 fire; Merging fir
nt of point D 
ity of displac
ter dead need
etween the tw
a linear fire f
 line or a sect
Calluna vulga
articles 
ence OX axis 
ence horizont
ence OY axis 
ence horizont
ence vertical a
e 
g OX axis (c
790731; fax: +3
c.pt. 
ia Sympos
lope an
for
as*, Jorge 
of Coimbra, Rua
cting at a smal
 reach in a rela
rties. It is foun
ormal fire beha
eleration phase
y conditions s
those two param
/or peer-review
e; Dynamic effec
(cm/s) 
ement of poin
les 
o fire lines 
ront in a horiz
ion of a fire li
ris 
al axis OXo
al axis OYo 
xis OZo 
m) 
51 239790771.
ium on Fire
d fuel be
est fires
Raposo an
 Luis Reis dos Sa
l angle creates 
tively short tim
d that the disp
vior and allow
 and the max
howed that for
eters are prac
 under respon
t; Extreme fire
t D 
ontal fuel bed
ne (cm/s) 
 Science an
d effect
 
d António
ntos, Coimbra 30
an accelerating
e. The analysi
lacement velo
 the inclusion o
imum velocity
 a given comb
tically constant
sibility of the 
 without win
d Technolo
 on jum
 Figueired
30-788, Portuga
 fire that is des
s of the interse
city of this poi
f this type of fi
 reached incre
ination of fue
. 
Asia-Oceania 
d (cm/s) 
gy 
p behav
o 
l 
ignated as “jum
ction point of t
nt increases in
re in the catego
ase with slope
l bed slope an
Association fo
ior in 
p fire”, given 
he fire lines is 
 a short time,
ry of extreme 
 angle. Tests 
d initial angle 
r Fire Science © 2013 International Association for Fire Safety Science. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Asian-Oceania Association of Fire Science and Technology
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1033 Domingos Viegas et al. /  Procedia Engineering  62 ( 2013 )  1032 – 1039 
xo 
x' 
t 
Gree
α 
β 
θo 
θ 
ω 
ω' 
1. In
T
valu
prom
time
fire 
basic
A si
effec
E
chan
these
T
Preli
2. Pr
T
inter
the h
slop
acco
It
incre
the a
happ
on th
 
Fig. 1
slope
reference
non-dime
time (s) 
k symbols 
angle of 
angle bet
initial va
angle bet
angular v
reference
troduction 
he merging o
es of the rate 
otes a very r
. This problem
behavior due 
 ROS of the 
milar situatio
ts on the env
ven if the bo
ge in the cou
 fires we clas
ests with var
minary result
oblem analy
he merging o
secting at poi
orizontal dat
e gradient be
rdance with th
 was found th
ase of the an
nalysis of th
ens also that 
e displaceme
. (a) Schematic l
of 30º in the Fire
 distance trav
nsional dista
slope of the fu
ween the fire
lue of the ang
ween each fir
elocity of rot
 angular velo
f two fire fro
of spread (RO
apid advance
 was studied
to the sudden
fuel, that corr
n occurred in
ironment and 
undary condi
rse of time. G
sify them as a
ious fuelbed 
s of these test
sis 
f two linear
nt D with an a
um. Point D c
ing a symme
e experimen
at the area b
gle θ between
e displaceme
the maximum
nt of D. 
(a)
ayout of the merg
 Research Labor
elled by the f
nce along OX
elbed in relat
 line and OY a
le between th
e line and OX
ation of the fi
city of rotatio
nts in a fores
S) and fire li
 of their inte
 in Viegas et 
 increase of 
esponds to a l
 the merging
on the city [2
tions remain 
iven the fact 
 form of “ext
composition 
s are reported
 fire fronts i
ngle θo betw
oincides initi
try line of the
tal conditions
etween the tw
 the fire lines
nt of the int
 rate of sprea
L2
Y Yo O D
Zo
ing of two straig
atory. 
ire front in th
 axis  
ion to horizon
xis (º) 
e two fire line
 axis (º) 
re line (º/s)
n of the fire l
t fire is acco
ne intensity. T
rsection point
al. [1] and the
the ROS from
inear fire fron
 of two large
]. 
constant the 
that very hig
reme fire beh
and slope va
 in this paper
s shown sch
een them spre
ally with the 
 fire configu
 at the laborat
o fire lines is
 that remain r
ersection poin
d (ROS) valu
L1
α
X
θο
ht fire lines mak
e unit of time
tal datum(º)
s (º) 
ine (º/m) 
mpanied by e
he merging 
 that is follo
 designation 
 practically z
t spreading o
 fires near C
evolution of
h values of ra
avior” [3]. 
lues were m
. 
ematically in
ad in a unifor
origin of a re
ration. In thi
ory. 
 burned due 
elatively stra
t provides r
e is reached b
Xo
(b)
ing an initial ang
 (one second)
nergy transfe
of two linear 
wed by a gra
of “jump fire”
ero to values
n the same fu
anberra on th
 the fire is d
te of spread a
ade to exten
 Fig. 1(a). W
m fuel bed on
ference Carte
s study it is a
to the advanc
ight. Given th
elevant inform
y this point, t
le θo between the
r processes t
fire fronts tha
dual velocity 
 was propose
 of the order 
el bed in the a
e 18th Janua
ynamic in the
nd fire line in
d the previou
e assume th
 a flat surface
sian frame w
ssumed that 
e of the inters
e symmetry o
ation on the
herefore our 
 
m. (b) Performan
hat may indu
t intersect at a
decrease in t
d to designat
of one hundr
bsence of slo
ry 2003 with
 sense that i
tensity can b
s experimen
at two straig
 making and
ith axis OX p
the ambient 
ection point 
f the boundar
 evolution o
analysis will 
ce of a jump fire
ce very high 
 small angle 
he course of 
e this type of 
ed times the 
pe and wind.
 devastating 
ts properties 
e attained in 
tal program. 
ht fire lines 
angle  with 
arallel to the 
air is still in
D and to the 
y conditions 
f the fire. It 
focus mainly 
 test with a 
 
1034   Domingos Viegas et al. /  Procedia Engineering  62 ( 2013 )  1032 – 1039 
The instantaneous position xD of the intersection point was the main object of the present analysis as it is associated to 
the overall evolution of the fire fronts. The displacement velocity VD is of particular interest for our study. VD is defined as: 
/D DV dx dt= (1) 
In order to compare results performed with different fuels we use the reference basic ROS as a reference velocity to 
define the non-dimensional displacement velocity V'D: 
' /D D oV V R= (2) 
In order to normalize time and distances of travel we use a reference distance xo that is equal to the distance traveled by 
the fire front in the unit of time (one second) defined by: 
1so ox R= × (3) 
The normalized or non-dimensional distance x' is then defined by: 
' / ox x x= (4) 
Following Viegas [4] we can define the inclination angle  of the fire line in relation to slope gradient (parallel to OX 
axis) as: 
( )/ 2β π θ= − (5) 
The fire line rotational velocity ' [º/s] is given by: 
/d dtω β= (6) 
The normalized value of the rotational velocity ' [º/m] is defined as: 
' / oRω ω= (7)
 
In [1] it was reported that the value of ' is essentially negative in contrast to what is found in common non horizontal 
fire lines spreading along a slope [4]. 
3. Experimental methodology 
3.1. Test rig 
Laboratory experiments were carried out at the Forest Fire Research Laboratory of the University of Coimbra using the 
Canyon Table DE4 that has a useful area of 6.0x8.0 m2 with a slope ( ) that can be changed in the range of 0º to 40º. More 
details about this test rig can be found in Viegas and Rossa [5]. Although the initial angle θo between the two fire lines was 
varied between 15º and 45º the results reported in this paper correspond only to tests with θo=30º. In Fig.1(b) typical 
performance conditions of these tests are shown. 
In all the experiments the fuel bed had a load of 0.6 kg/m2 (dry basis). Three different fuels were used in the tests: (i) PP: 
dead needles of Pinus pinaster, with an average fuel bed height of 5.2 cm; (ii) ST: dry straw, with an average height of 8.3 
cm and (iii) SB: dry shrub, composed by Calluna vulgaris, with an average height of 9.3 cm. Ignition was produced 
simultaneously along the two lines using a wool thread soaked in gasoline and petrol (Diesel fuel) to assure an instantaneous 
ignition along the whole line. For each test a separate experiment using the same fuel bed was performed to determine the 
basic rate of spread Ro corresponding to the same experimental conditions, to be used as a reference.  
A summary of the main test parameters is provided in Table 1. 
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Table 1. Parameters of the Tests 
Ref. Test  (o) Fuel mf  (%) 
Ro 
(cm/s) V'DMAX
1 CF 08 30 PP 10,57 0,205 210 
2 CF 09 40 PP 9,55 0,240 >168 
3 CF 14 0 PP 11,21 0,250 7,6 
4 CF 16 10 PP 10,74 0,240 22 
5 CF 19 20 PP 12,36 0,230 49 
6 CFT 4 0 PP 9,82 0,273 37 
7 CFT 2 20 PP 9,76 0,274 146 
8 CFT 5 30 PP 9,55 0,273 440 
9 ST 3 0 ST 11,55 0,730 22 
10 ST 1 30 ST 11,61 0,820 31 
11 SB 2 0 SB 8,81 0,750 20 
12 SB 4 30 SB 9,25 0,780 29 
13 SBT 13 0 SB 10,98 0,970 41 
14 SBT 11 30 SB 10,87 0,950 42 
 
3.2. Data acquisition and processing 
All tests were recorded using frontal and lateral video and photographic cameras. Some experiments were recorded using 
an infra-red camera Flir Systems ThermaCAM SC640 with a spectrum range of 7.5 - 13.5 μm having a frontal or nearly top 
view of the fire.  
It was found that some experimental configurations had very high values of the fire rate of spread or displacement 
velocities that were difficult to analyze with the infra-red images. For this reason a series of 24 thermocouples fixed along a 
straight metallic beam at various distances, as shown in Fig. 2, was used to determine fire advance. The array of 
thermocouples (TC) was placed along axis OX of the Combustion Table. The distances between TC are given in Table 2. 
 
Fig. 2. Schematic view of the thermocouple linear array layout. 
Table 2. Distances of TC 
Ref. 1 2 3 4 5 6 7 8 9 10 11 12 
Position (mm) 0 50 100 150 200 250 300 350 400 500 600 700 
Ref. 13 14 15 16 17 18 19 20 21 22 23 24 
Position (mm) 800 900 1000 1400 1800 2200 2600 3000 3400 3800 4200 4600 
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general evolution of V'D curves is as follows: starting from a relatively low value (1<x<10 cm) the velocity increases, 
reaching a maximum value V'DMAX after a distance xMAX and then decreases steadily to its initial value. The initial phase 
seems to be independent of the slope angle which is explained by the fact that the fire did not adapt yet to the boundary 
conditions created by terrain slope. The values of V'DMAX and xMAX increase with  indicating that for high values of slope the 
fire continues to accelerate along a large distance. In the test with =40º it can be seen that the fire is still accelerating along 
the five meters available for the fire to spread. Tests with longer fuelbeds are planned in order to better assess the 
deceleration phase. 
 
Fig. 7. Variation of non-dimensional displacement velocity V'D as a function of distance x for tests with PP fuelbeds for slope angles of 0º, 10º, 20º, 30º and 
40º. 
The maximum values of ROS that are reached in these tests are possibly the highest values that have been measured by 
us in laboratory experiments in the corresponding fuelbed and slope test conditions. Even in eruptive fire simulations in 
canyons at the laboratory we did not measure such high values of ROS and for this reason we consider that jump fires can 
be extremely dangerous in field conditions [7]. Having in mind the fact that advancing fires induce local winds that increase 
with ROS [7] it can be expected that jump fires can be associated with strong local winds, with high vorticity and with fire 
whirl formation. 
Given the analogy between wind and slope effects on fire behavior it can be expected that similar fires spreading with 
strong wind parallel to OX axis will increase their ROS along considerable distances. In the Canberra 2003 fires that were 
mentioned above it was found that the fire accelerated along a distance of the order of 10 km reaching a rate of spread of 
27km/h which can be considered as very high for a surface fire. 
 
Fig. 8.Variation of non-dimensional displacement velocity V'D as a function of non-dimensional distance x' for tests with fuelbeds of PP, ST and SB for: (a) 
=0º and (b) =30º. 
4.4. Effect of fuel bed on displacement velocity 
Tests with three different fuels were performed with the initial angle θo=30º for two values of =0º and =30º. As the 
values of Ro and xo are different for these fuels the non-dimensional distance x’ was used to present the results obtained for 
V'D in these tests in Figs. 8 (a) and (b), respectively for =0º and for =30º. As can be expected using this formulation the 
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data for each configuration collapse in a single distribution. As it was observed for tests with PP the value of V'D increases 
and after reaching a maximum it decreases. Apparently the values of x'MAX and V'DMAX do not seem to vary much with 
fuelbed properties. Due to the scatter and scarcity of experimental data these conclusions must be checked with further 
experiments. 
5. Conclusions 
Analysis of the jump fire process based on laboratory scale experiments was extended to various types of fuel beds and 
to inclined terrain. The evolution of the fire front consists mainly of the advance of the intersection point of the two merging 
fire lines with the angle between them increasing until they become a straight line. The rotational velocity of the fire lines 
was found to be essentially negative due to the very strong energy concentration near the intersection point. The non-
dimensional velocity of displacement V'D of the intersection point increases quite rapidly up to a non-dimensional distance 
x'MAX and then decreases until reaching its initial value. It was found that terrain slope has the effect of increasing the 
distance x'MAX traveled by the intersection point in the acceleration phase. The maximum value of V'D increases with slope 
angle. The same can be expected to happen with wind. For the range of conditions that were tested it was found that changes 
in fuelbed composition had no effect on the values of x'MAX and V'DMAX. 
This study must be complemented by more tests to reduce experimental errors and to explore other conditions, namely 
scale effect. A numerical model to estimate the radiation effect on fire spread is being developed. 
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